Background-Localized sites of high frequency during atrial fibrillation (AF) are used as target sites to eliminate AF.
T he underlying pathophysiological mechanisms of atrial fibrillation (AF) are not fully understood. The most commonly accepted theory is the multiple wavelet theory as originally proposed by Moe et al, which was later experimentally confirmed by Allessie et al 1, 2 Haissaguerre et al demonstrated that arrhythmogenic foci within the pulmonary veins can initiate AF. These arrhythmogenic foci are characterized by intermittent, fast depolarizations. Ablation of these triggers resulted in the elimination of AF. 3 Other studies reported that such high-frequency sites could also occur outside the pulmonary veins. 4, 5 Sites exhibiting a high frequency are preferably determined from AF intervals of electrograms recorded at multiple sites in the atrium. However, analysis of AF intervals is time consuming, because it is an interactive procedure. Automatically detected activation times require verification by the operator, because electrograms during AF are characterized by irregular cycle lengths and variations in signal morphology and amplitude, which makes computer detected activation times unreliable. Several studies reported the value of spectral analysis in the detection of high-frequency sites during AF. 4, 6 This technique involves detection of the frequency spectrum of the electrograms and analysis in the frequency domain to select the dominant frequency (DF). However, the frequency spectrum of a signal is not only determined by its cycle length. Morphology and amplitude of the electrograms too play a role and may lead to errors in determining the dominant frequency by spectrum analysis. 7
Clinical Perspective on p 644
The aim of this study was to assess the reliability of spectrum analysis by determining the correlation between DFs as obtained by spectral analysis and the shortest median AF cycle length (AFCL). We focused especially on the validation of spectral analysis in the identification of highfrequency sites. For this purpose, two 20-polar catheters were used to record electrograms during AF from the right and left atria simultaneously. Both unipolar and bipolar electrograms were analyzed in the time and frequency domain.
Methods

Patient Characteristics
Forty patients with paroxysmal or persistent AF, accepted for pulmonary vein isolation, were included in the study. The study was approved by the local medical ethics committee, and written informed consent was obtained from all patients. Exclusion criteria were left atrial size of Ͼ45 mm in the parasternal long-axis view, patients receiving antiarrhythmic drugs of class I or class III of the Vaughan-Williams classification, unless the drugs were discontinued for at least 5 half-lives before the procedure, patients ages Ͼ65 year and Ͻ18 years, and patients with thyroid dysfunction. Patients who had been treated with amiodarone were excluded from this study.
Preablation Study Protocol
Patients were admitted 24 hours before the ablation procedure. During hospitalization, cardiac rhythm in all patients was continuously monitored. Transthoracic echocardiography was performed routinely 1 hour before ablation to determine right and left ventricular function, valvular abnormalities, and left and right atrial dimensions. Transesophageal echocardiography was performed to assess interatrial septum and to rule out intracardiac thrombus. Routine blood tests were performed, including electrolytes and cardiac enzymes. ␤-Blockers were allowed.
Data Acquisition
Electrophysiological study and the ablation procedure were performed under general anesthesia. After standard transseptal puncture to introduce the mapping catheters into the left atrium, a bolus of 10 000 IE of heparin was administered to prevent thromboembolic events. Additional heparin was administered guided by activated clotting time. Activated clotting time was measured every 30 minutes, and target activated clotting time was 300 to 350 seconds. A pentapolar catheter was positioned in the coronary sinus. Two 20-pole steerable mapping catheters (PentaRay, Biosense Webster, CE-86408) were used to record left and right atrial electrograms. The 20-polar mapping catheter had 5 soft radiating splines, with four 1-mm electrodes per spline and a 4 to 4-4-mm interelectrode spacing. The electrodes covered an area of approximately 9.6 cm 2 . One 20-polar mapping catheter was positioned in the right atrium and one in the left atrium, as shown in Figure 1 .
Each mapping catheter recorded 20 unipolar and 10 bipolar electrograms simultaneously. The fifth electrode of the Josephson catheter, positioned in the inferior caval vein, was used as reference electrode for the unipolar signals. The unipolar and bipolar atrial electrograms were transferred to an amplifier (LabSystem Pro, amplifier No. PK5015170), amplified with a gain of 500 to 1000 and then filtered. Filtering was performed with a band-pass filter of 1 to 500 Hz for the unipolar and 1 to 500 Hz or 30 to 500 Hz for the bipolar electrograms. The sample frequency was 1 kHz.
Electrophysiological Study
In 22 patients, AF was present at the time of the study. In the remaining 18 patients with sinus rhythm, rapid atrial pacing from the coronary sinus was performed to induce AF. Atrial pacing threshold was determined and pacing was performed at twice diastolic threshold.
Electrograms during fibrillation were recorded at least 2 minutes after AF induction. Right and left atrial fibrillation electrograms were recorded simultaneously with the two 20-polar mapping catheters that were sequentially placed at 2 right atrial and 4 left atrial sites. The right atrial mapping sites were the right atrial appendage and the right atrial free wall. First electrograms were recorded from the right and left atrial appendage. Then the mapping catheter in the right atrium was moved to the right atrial free wall, and the mapping catheter in the left atrium was positioned at the left atrial free wall, left atrial roof, and posterior wall, respectively. Fluoroscopy was used for positioning of the mapping catheters.
Data Analysis
Off-line data analysis was performed with custom made software based on Matlab (Mathworks, Inc, Natick, Mass). 8 The local activation times were automatically determined by an algorithm detecting 
Elvan et al Dominant Frequency and AF Cycle Length
the steepest negative deflections in the electrograms verified by the operator and edited manually, if necessary. Sixteen seconds of AF were analyzed. Mean, median and mode of the AF intervals were calculated for each unipolar and bipolar electrogram. Bipolar electrograms were derived from the unipolar electrograms, to assess the effect of filter-settings on the DF. Spectral analysis was performed on the originally recorded unipolar electrograms, the unipolar elec-trograms after QRS subtraction, the original 30-to 500-Hz bandpass-filtered bipolar electrograms, and the bipolar electrograms as determined by subtracting unipolar electrograms from neighboring electrodes on the catheter. Before spectral analysis signals were filtered with a 1-to 20-Hz band-pass filter, a Hamming window was used to attenuate the discontinuities at the beginning and the end of the segment to be analyzed. In the case of bipolar recordings, power processing was performed. 9, 10 To compare the DFs with AFCL, the inverse of the DF was used, multiplied by 1000.
Identification of the Highest-Frequency Sites
To identify high-frequency sites, 16 seconds of AF were analyzed. Median AFCL was determined for each recording site. The recording site with the shortest and with the longest median AFCL was selected. A potential "focal" driver was considered if a frequency gradient of Ͼ25% between the site with the shortest and the longest median AFCL was present. We determined the DF at the sites with the shortest cycle length in all patients with a gradient of Ͼ25%. In this way, we evaluated the correlation between these 2 signal analysis techniques.
Computer-Simulated Electrograms
Computer-simulated bipolar electrograms of 16.3 seconds were constructed with MATLAB to study the effect of irregularity and temporal change in signal amplitude on the reliability of DFs. The activation rate of the simulated electrograms was 5.7 Hz, which corresponds to a cycle length of 175 ms. Irregularity was randomly generated, with a standard deviation of 1 ms to 50 ms in steps of 1 ms. One hundred electrograms were generated for each step in irregularity, resulting to a total of 5000 electrograms. DFs were determined for each electrogram with spectral analysis performed after 1-to 20-Hz band-filtering and generation of Hanning windows as described previously. Furthermore, electrograms were constructed with a randomly generated change in signal amplitude in combination with the abovementioned irregularity.
Statistical Analysis
Mean, median, and mode of the AFCL of the bipolar and unipolar electrograms were determined. Dominant frequencies were compared with mean, median, and mode of the AF cycle lengths with linear regression analysis using SPSS. A probability value of Ͻ0.05 was considered statistically significant. The aim of the present study was to assess whether the 2 measuring methods (AFCL and fast Fourier transform) "agree" well enough for one method to replace the other, or for the 2 methods to be used interchangeably. If the 2 methods would agree exactly and a graph would be plotted with data ICCs between DFs and mean, median, and mode AFCL in 30-to 500-Hz band-filtered bipolar electrograms of AF are shown. Correlation is strongly influenced by rejection of electrograms with nonphysiological DFs. The second column shows the amount of rejected electrograms due to the ruling out of nonphysiological DFs. ICCs between DFs and mean, median, and mode AFCL in unipolar electrograms of AF are shown. Correlation is strongly influenced by rejection electrograms with nonphysiological DFs. The second column shows the rejected amount of electrograms due to the ruling out of nonphysiological DFs. QRS subtr indicates QRS subtraction; PP, power processing.
of one method along the x-axis and data of the other method along the y-axis, points would all lie on the line of equality (45°line). However, because of noise, real data never agree exactly, and the strength of the relationship must be determined.
For measuring the consistency between the 2 different methods the intra class correlation was used. A random effects analysis of variance was performed, which is appropriate for a nested design. A 3-level nested model is used to estimate the components of variance at each level of clustering. The 3 levels are patients, locations, and electrodes. Each of the effects is considered to be random. The MLwiN software, version 2.02, was used for the analyses. Parameters were estimated using the residual, or restricted, iterated generalized least-squares.
Results
Patient Characteristics
Forty patients were included in the study, all patients were referred to our hospital for catheter ablation of AF. Mean age was 53.3Ϯ9.9 years (range, 38 to 65 years); 30 patients were male. Paroxysmal AF was present in 22 patients, and 18 patients had persistent AF. Sixteen of 18 patients with persistent AF had the arrhythmia at the onset of the procedure. Atrial dimensions were normal in patients with paroxysmal AF, and slightly enlarged atrial dimensions were found in patients with persistent AF. The difference in atrial dimensions between the paroxysmal AF group and the persistent AF group was statistically significant (Pϭ0.003). All patients had a structurally normal heart on echocardiography. Table 1 summarizes the clinical characteristics of the study population.
Unipolar and Bipolar Fibrillation Electrograms
Before ablation, at least 1 minute of AF was recorded at each site, as described in the Methods section. The first 16 seconds of the recording were analyzed. In the 40 patients, a total number of 4800 unipolar and 2400 bipolar electrograms were recorded. Because of poor quality of electrograms, 218 (4.5%) unipolar and 126 (5.3%) bipolar electrograms were rejected. Figure 2 is an example of a unipolar and bipolar electrogram recorded with a 20-polar mapping catheter.
A strong correlation of median AFCL of the unipolar and the bipolar electrograms was found. The intraclass correlation coefficient (ICC) was 0.98.
The DFs derived from the unipolar electrograms without QRS subtraction correlated poorly with mean and median AFCL (both ICCs, 0.29). QRS subtraction did not improve the correlation (both ICCs, 0.23). If DF values outside the physiological range, that is, DF Ͻ80 ms and DF Ͼ300 ms, were rejected, an additional 614 electrograms (13%) were excluded from further analysis. QRS subtraction together with rejection of unphysiological DFs markedly improved the correlation between DFs and mean or median AFCL (both ICCs, 0.67). These data are shown in Figure 3 and Table 2 . Comparable results were accomplished when bipolar electrograms were used. Best correlation was found with the originally recorded, 30-to 500-Hz bandpass-filtered, bipolar electrograms (ICC, 0.70), for both mean and median AFCL when power processing of the electrograms was performed before spectral analysis. The use of reconstructed, 1-to 500-Hz bandpass-filtered bipolar electrograms did not improve the correlation (ICC, 0.58, for mean AFCL; ICC, 0.57, for median AFCL). Using the reconstructed, 1-to 500-Hz bandpass-filtered electrograms, power processing of the electrograms before spectral analysis was still needed.
After rejection of the nonphysiological DFs (Ͻ80 ms and Ͼ300 ms), a slightly better correlation between DFs and median AFCL was found in unipolar than in bipolar electrograms. However, because of far-field QRS deflections and baseline shift, the number of eliminated unipolar electrograms (12%) was remarkably high compared with the bipolar signals (2%). Details are depicted in Tables 2, 3 , and 4 and Figure 4 .
Distribution of High-Frequency Sites
Sixteen of 40 patients had a frequency gradient (difference between highest and lowest dominant frequency) of Ͼ25% (Tables 5 and 6 ). Ten of 22 (45%) patients with paroxysmal AF had a gradient of Ͼ25% versus 6 of 18 (33%) in persistent AF.
In 13 of 16 patients (81%) with a frequency gradient of Ͼ25%, the site with highest frequency was located in the left atrium: 8 high-frequency sites were located at the posterior wall between the pulmonary veins, 3 at the roof, 1 at the left atrial free wall, and 1 at the base of the left atrial appendage. In only 3 of 16 patients (19%), the site with the highest dominant frequency was located in the right atrium, 2 at the right atrial free wall and 1 at the right atrial appendage.
Discrepancies Between AFCL and DF
When unipolar electrograms were used, the site with highest DF as determined by spectral analysis corresponded in only 25% patients with the site of highest frequency, as derived from median AFCL (Table 7) . With bipolar electrograms, the site with highest DF corresponded in 38% patients, with the site of highest frequency derived from median AFCL (Tables 8 and 9 ). Figure 5 is an example of a patient with a frequency gradient Ͼ25%. Unipolar electrograms were used to derive the AFCL and dominant frequency map. The site with highest dominant frequency identified with median AFCL was located at the roof of the left atrium, as shown in the atrial map located at the left ( Figure 5 , map A). DFs determined by spectral analysis are shown in the atrial map located at the right ( Figure 5, map B) . No clear circumscript area with a highest dominant frequency was present. The graph in the middle shows the AFCL histogram (blue bars), and the frequency spectrum converted to intervals (red curve) for the 
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site with the shortest median AFCL in map A (recording site of upper tracing). Note that the dominant interval determined with spectral analysis (191 ms) markedly exceeds the median AFCL determined with interval measurements (95 ms). The complex character of the electrogram (upper tracing), consisting of sharp deflections (arrows) and lower frequency components (bold arrows), may be the cause of the discrepancy between the AFCL and DF spectrum. Figure 6 is an example of another patient with a frequency gradient Ͼ35%. Bipolar electrograms were used to construct the median AFCL and DF map. According to median AFCL, the activation rate is highest in the right atrium, although a focal spot is missing. In contrast, spectral analysis shows a high-frequency spot in the left atrium (red dot in DF map), and the spectrum reveals 2 frequency peaks. Tracings are the bipolar (upper) and unipolar (lower) electrogram at the site of DF. The electrograms are characterized by irregular activations and changes in signal morphology and signal amplitude. Electrograms at the right atrial free wall (Figure 7, left panel) show single deflections and a rather homogeneous activation pattern, whereas at the roof of the left atrium (right panel) the electrograms are more complex and fractionated with a pronounced increase in activation rate at tϭ4.0 seconds. The temporal change in activation rate is reflected in the 2 peaks of the AFCL histogram shown in Figure 6 : 1 peak at 106 ms representing the fast activation rate at the last 2 seconds of the registration and 1 peak at 180 ms, representing the lower activation rate of the single potentials at the beginning of the registration. Spectral analysis of these signals also shows 2 frequency peaks, the highest peak (DF) at 5.5 Hz (Ϸ182 ms). So, in this example, the temporal change in activation rate was reflected in the frequency spectrum of spectral analysis (Figures 6 and 7) . Figure 8 shows the effect of irregularity and changes in signal amplitude on the reliability of spectral analysis. At the right, 2 examples of simulated electrograms are shown. The upper electrogram is generated with a random irregularity with a 50-ms standard deviation. In the lower electrogram, temporal change in signal amplitude is also introduced.
Simulated Electrograms
The upper graph on the left exhibits the DFs and the median AFCL of each of the 5000 simulated electrograms. The graph shows that increasing irregularity results in a gradual increase in the range in DFs (blue dots), whereas the median AFCL of the electrograms remains stable (red line). The graph on the lower left exhibits the effect of increasing irregularity on DFs in simulated electrograms with a random change in amplitude. This results in an even lower reliability of the DFs.
Discussion
Analysis of activation rates to detect high-frequency sites is used commonly in the experimental setting to gain a better understanding of the underlying etiology and pathophysiology of AF. These high-frequency sites are thought to play an important role in the initiation and maintenance of AF, 3, 4, [11] [12] [13] [14] reflecting microreentrant circuits that drive AF. 11, 12 Ablation of these high-frequency sites can terminate AF. 4, 5, 15 To localize high frequency sites, both spectral analysis and AF cycle length analysis are being used.
Because activation rate is the key parameter, cycle length measurement is the preferable way to determine the dominant frequencies. Determining AFCL requires, however, an interactive technique, to avoid errors and is therefore time consuming. Therefore, spectrum analysis is often the method of choice. The current study shows, however, that the correlation between DFs obtained with spectral analysis and mean, median and mode of AFCL is weak. Importantly, a very weak correlation existed between high-frequency sites detected with AFCL measurement and spectral analysis. The sensitivity of fast Fourier transform to identify DFs is high; however, the specificity is very low. So, the fast Fourier transform technique overestimates the number of "focal drivers." Best correlation between DF and AFCL was found in bipolar electrograms with standard 30-to 500-Hz filter setting. Changes in sample size or alteration of filter settings did not improve the correlations. Unipolar electrograms showed comparable correlations between DFs and AFCL; however, unipolar electrograms required QRS subtraction before spectral and AFCL analysis. In addition, more electrograms were rejected because of nonphysiological DFs if unipolar signals were used. The correlations were accomplished after exclusion of DFs that were considered to reflect nonphysiological activation rates, that is, cycle length Ͻ80 ms and Ͼ300 ms. Same spline 2 (7.7) 0 (0) 2 (7.7)
Same electrode 2 (7.7) 0 (0) 2 (7.7)
Data are presented as n (%). FFT indicates fast Fourier transform.
Although these nonphysiological DFs were rejected, the correlations between DFs and AFCL remained poor. Bipolar electrogram recordings have several characteristics that differ from recordings made in unipolar mode. If poles are close together, the bipolar recording mimics the first derivative of the unipolar electrogram. This implies that low-frequency components will be suppressed in comparison to high-frequency components. In addition, the number of deflections in the bipolar recording is usually larger than of its unipolar counterpart, which will affect the spectrum. In further contrast with the unipolar recording is the direction dependence of the bipolar recording. If the wave front is parallel to the poles when passing the electrode, the amplitude of the signal will be small, theoretically even zero. These characteristics of the bipolar recording may be the reason that the spectrum of the bipolar recording is more complex with more distinct peaks as illustrated in Figure 6 .
The results of the current study are in agreement with the study of Ng et al. 7 These authors showed, when using simulated electrograms that variation in cycle length and in signal amplitude resulted in a correlation of median AFCL and DF that was comparable to our data. Other investigators, however, reported spectral analysis to be a reliable method for the detection of activation rates. Ryu et al 16 reported that spectral analysis of atrial tachycardia and atrial flutter, arrhythmias characterized by regular activation rates, and monomorphic signals results in a single and reliable DF peak, whereas during AF, spectral analysis resulted in multiple frequency peaks. Furthermore, in a canine model in which rapid left atrial pacing was performed to simulate a driver site, single DF peaks were only present if a 1:1 regular conduction pattern existed throughout the atria. If left atrial pacing resulted in fibrillatory conduction patterns, multiple frequency peaks were shown. 17 In both studies, DFs and cycle length analysis were not compared.
Schuessler et al 18 applied spectral analysis to intraoperative, epicardial atrial mapping data during AF. As in the current study, nonphysiological DF (DFs Ͼ11 Hz) were rejected. The authors concluded that spectral analysis was useful in reliable determination of DFs. However, also in this study, the DFs were not compared with activation rates using cycle length analysis. 18
Detection of High-Frequency Sites
Experimental and clinical observations suggest that highfrequency sites originating from the pulmonary veins and from other regions of the atria may play an important role in the initiation and maintenance of AF. Therefore, quick and online identification of these sites may be of clinical importance. Because our data showed that bipolar, 30-to 500-Hz filtered electrograms and unipolar electrograms with QRS subtraction showed the best correlation between DFs and median AFCL, these protocols were used to compare the location of the high-frequency sites as detected with spectral analysis and with cycle length analysis. Our data show that in 40% of the patients, a frequency gradient existed of Ͼ25% between fastest and slowest activation rates. The existence of a frequency gradient did not differ between persistent and paroxysmal AF.
The site with the highest activation rate assessed with median AFCL was located predominantly in the left atrium, especially at the left posterior wall between the pulmonary veins and at the roof of the left atrium. No relationship was found between high-frequency sites as identified with median AFCL and with spectral analysis.
Spectral Analysis and AFCL
Our data show that a temporal change in cycle length within the window of the spectral analysis has pronounced effects on the frequency spectrum and the selection of the dominant frequency. Furthermore, irregularity and changes in signal amplitude decreases the reliability of DFs, whereas median AFCL is less influenced by irregularity. This might result in false-positive identification of highfrequency sites.
The major advantage of activation times (time domain analysis) is that there is no effect of signal morphology and changes in signal amplitude. On the other hand, marking activation times can be difficult, especially in case of highly fractionated signals. Unipolar, and, to a greater extent, bipolar electrograms can be highly fractionated, which may hamper determination of activation. In unipolar electrogram far-field depolarizations may impede determination of local activations.
We also evaluated the effect of filter settings on the results of spectral analysis. The correlation between DF and AFCL was not improved after lowering the high-pass cutoff value. The current study showed a strong correlation between the AFCL of the unipolar and the bipolar electrograms. 
Clinical Relevance of Spectral Analysis
Despite the absence of an association between highfrequency sites measured with cycle length analysis and spectral analysis, spectral analysis may be of clinical importance. Sanders et al 7 showed that ablation of high-frequency sites detected with spectral analysis affected AFCL and predicted clinical success of ablations. Ng et al showed that the reliability of DF is negatively influenced by both amplitude and cycle length changes, especially with fractionated signals. It appears that these high-frequency sites actually reflect areas fractionated electrograms. Nademanee et al 19 showed that ablation of sites with fractionated electrograms can terminate AF.
Conclusion
Our data show a poor correlation between mean, median, and mode AF cycle length and dominant frequencies assessed by spectral analysis. Furthermore, areas with shortest AFCL do not correspond with areas of highest DFs in the majority of the cases. This indicates that dominant frequency sites should be determined from intervals instead of using spectrum analysis.
Study Limitations
The electrograms were recorded with a 20-polar catheter covering an atrial surface of approximately 9.6 cm 2 . Because the mapping catheter had 5 soft radiating splines, spline Figure 7 . Illustration of simultaneously recording of 40 unipolar atrial electrograms with two 20-polar PentaRay catheters, positioned at the free wall of the right atrium (A) and at the roof of the left atrium (B). A, Monomorphic signals at the right atrial free wall. The activation map shows a single wave. B, Simultaneously, at beats 1 to 6, the monomorphic signals of the left atrial free wall change in high frequent, fractionated electrograms. The activation map at first shows a single wave. Beat 3 shows a conduction block; afterward, the electrograms become fractionated.
Figure 8.
Computer-simulated electrograms of 16.3 seconds were constructed to study the effect of irregularity and change in signal amplitude on DFs. The activation rate of the simulated electrograms was 5.7 Hz, corresponding to a cycle length of 175 ms, combined with a randomly generated irregularity. Irregularity was increased from a standard deviation of 1 ms to 50 ms in steps of 1 ms. One hundred electrograms were generated for each step in irregularity, resulting to a total of 5000 electrograms. The upper right electrogram exhibits an example of a computer simulated electrogram with a 5.7-Hz activation rate and an irregularity with a 50-ms standard deviation. The upper graph on the left exhibits the DFs acquired with spectral analysis and the median AFCL of each of the 5000 simulated electrograms. The graph shows that increasing irregularity, expressed on the horizontal axis, results in an increasing range in DFs (blue dots), whereas the median AFCL of the electrograms remains reliable (red line). The graph on the lower left exhibits the effect of increasing irregularity on DFs in simulated electrograms with a random change in amplitude. This results in an even lower reliability of the DFs. An example of a simulated electrogram is shown on the right. positions varied and interspline distances were not constant. Unipolar and bipolar electrograms were recorded at 5 different sites of the right and the left atrium successively. Therefore a frequency gradient between the 5 different atrial sites might be related to temporal changes in activation rate. The electrodes cover only a small part of the total endocardial surface of the left and right atrium. No recordings were obtained from the ostia of the pulmonary veins. The 1-to 500-Hz bipolar electrograms were reconstructed from filtered, amplified, and digitalized unipolar electrograms.
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